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A number of circular geological structures outcrop in the sedimentary basins of Saudi Arabia, several are
reviewed here to assess their mode of origin. They are unrelated to each other, are easily seen on aerial
imagery, and their origins are assessed here on the basis of new ﬁeldwork and reﬂection seismic data. The
structures range in size from hundreds of meters to several kilometers in diameter. Jabal Rayah (28390N,
371103000E) is 5 km in diameter with ring faults and anomalously steep dips in Siluro-Devonian strata.
Reﬂection seismic data demonstrate that underlying strata are structureless and Jabal Rayah is inter-
preted as a probable impact structure. Ash Shutbah (213700800N, 453902100E) is 2.3 km in diameter
and consists of a zone of concentric sub-horizontal folds in Mesozoic carbonates, surrounding a central
area of disharmonic, steeply plunging folds and a mass of stratigraphically-anomalous sandstone.
There are dissolution structures in the vicinity and although this is a viable explanation, the uniquely
large and complex nature of Ash Shutbah suggests an alternative origin by impact. Reﬂection seismic data
show that underlying strata in the vicinity of Ash Shutbah are structureless. A province of at least 100
circular structures occurs in northeast Saudi Arabia. Aerial imagery and reﬂection seismic data shows that
these structures are a mixture of bioherms and dissolution collapse features. The Kidan crater
(220605300N, 532603800E) is a subcircular feature approximately 100 m in diameter, exposed in
Quaternary sabkha between large sand dunes in the Rub’ Al-Khali. Field investigation reveals an
unfaulted bowl with a slightly fractured ﬂoor in sabkha facies. 3D reﬂection seismic data shows a small
fault underlying the crater, leading to a ﬂuid escape interpretation for the depression.
 2015 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
This paper aims to describe some circular geological features
exposed in Saudi Arabia with a view to assessing their mode of
origin and in particular whether any might qualify as previously
overlooked impact structures. The criteria for selecting the
structures for this review were that the structures had not been
previously published, or their origin be unresolved. Not included
are the numerous outcropping igneous circular structures, for
example the Jabal Shayi layered gabbro (18450N, 42530E;
Coleman et al., 1972) and Jabal Bayda volcano (253903000N,
39560E; Camp et al., 1991). Also excluded is the uncontroversial
recent Wabar impact structure in the Rub’ Al-Khali (213001100N,
502802200E; Philby, 1933; Prescott et al., 2004; Gnos et al., 2013).
With an area of more than two million square kilometers Saudi
Arabia is a sizable landmass but to date has yielded only one
conﬁrmed meteorite impact crater (Wabar). Analysis of crater
distribution on Earth suggests that several impact structures ofkilometer-scale and Phanerozoic age are probable in the Arabian
peninsula (Stewart, 2011). The only other conﬁrmed impact
structure on the Arabian peninsula in addition to Wabar is the
Jebel Waqf as Suwwan structure in Jordan (Abdelhamid, 2001;
Salameh et al., 2008). However, a number of possible impact struc-
tures have been identiﬁed on the land surface in and around Saudi
Arabia (McHone and Dietz, 1988). Buried craters of unknown, pos-
sibly impact, origin have been described on the basis of reﬂection
seismic imaging in Oman (Levell et al., 2002) and Saudi Arabia
(Neville et al., 2014).
New data and interpretation is presented here for three isolated
structures that outcrop in Saudi Arabia: Jabal Rayah, Ash Shutbah
and Kidan, plus a province where over 100 structures are
recognized (Figs. 1 and 2). Most of these structures have been men-
tioned in previous publications in varying amount of detail and
they can be clearly seen on aerial imagery that is now widely avail-
able. These case studies have been selected on the basis of signiﬁ-
cant new data arising from ﬁeldwork, satellite image interpretation
and/or reﬂection seismic imaging. This data enables more detailed
discussion of causal mechanisms than was previously possible. No
96 S.A. Stewart / Journal of Asian Earth Sciences 106 (2015) 95–118shock metamorphic features or geochemical data that deﬁnitively
identify impact structures (French and Koeberl, 2010) have been
produced in this study. The province of over 100 subcircular struc-
tures can certainly be attributed to processes other than impact.
Impact origin of the three isolated structures can be argued and
appears likely in at least one case, but not yet proved.2. Jabal Rayah
2.1. Jabal Rayah – location, data and previous work
Jabal Rayah (28390N, 371103000E) is a 5 km diameter ring struc-
ture outcropping in the northwest of Saudi Arabia, 70 km northeast
of Tabuk (Fig. 1). The structure was ﬁrst described from aerial pho-
tos (Blodget, 1971; Garvin and Blodget, 1986; Grieve et al., 1988)
and can be seen in detail on modern aerial imagery (Fig. 3). Early
remote sensing studies named the structure ‘‘Al Madaﬁ’’ after some
nearby hills and made a preliminary identiﬁcation of the feature as
a possible impact structure based on its geomorphology and regio-
nal context (Garvin and Blodget, 1986). It was subsequently
mapped in the ﬁeld and a 1:20,000 scale geological map was pro-
duced (Janjou et al., 1997, 2000). During that ﬁeldwork the struc-
ture was named ‘‘Jabal Rayah’’. This nomenclature, and their
stratigraphic scheme, is adopted here. The ﬁeld mapping team also
concluded that impact was the causal mechanism, even though no
deﬁnitive high pressure metamorphic effects were reported
(Janjou et al., 1997). An updated map based on ﬁgure 39 of
Janjou et al. (1997) is shown in Fig. 4.
In 2007 Saudi Aramco acquired a 2D reﬂection seismic line, in
the course of regional hydrocarbon exploration, that coincidentally
crossed the Jabal Rayah structure. The intersection is off-center by
some 1.75 km (Fig. 4). Although off-center, the line of sectionR
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Fig. 1. Geology of the Arabian peninsula and environs showing locations of circular str
proven impact craters also shown.crosses into and out of the ring structure as exposed at surface
and so has value in terms of imaging the subsurface structure of
the ring. The seismic line is published for the ﬁrst time here
(Fig. 5) and further constrains the interpretation of Jabal Rayah
by imaging the underlying strata. The reﬂection seismic shown in
Fig. 5 was depth-stretched from time-migrated data using a
time–depth relationship from checkshots in an offset deep well
(depth in feet = 0.001 TWT2 + 5.7 TWT  50, where TWT is seismic
two-way travel time). The vertical scale was then corrected for
units (meters) and datum (Mean Sea Level at 0 m elevation). The
reﬂection seismic data quality is fair to good, apart from areas
below the ring hills, where rough topography restricted seismic
shotpoint and receiver locations resulting in localized loss of data
in the shallowest 500 m of section (Fig. 5). Deeper levels are
continuously imaged across the structure. An integrated inter-
pretation of the seismic section was made based on (1) seismic
interpretation tied to offset well that penetrated to the base Siq
Formation, (2) formation isopach thicknesses mapped at local out-
crop (Janjou et al., 1997), (3) projection of surface geology from
Fig. 4, constrained by conservation of main isopach thicknesses
of Janjou et al. (1997). Airborne gravity and magnetic data are also
available (Fig. 6).
2.2. Jabal Rayah – description
Jabal Rayah is a prominent geomorphological feature (Fig. 7a), a
circular ridge of hills about 1.5 km wide, ranging in height from
150 to 250 m above a plain at approximately 1000 m local eleva-
tion, forming a topographic ring enclosing a hollow over 3 km in
diameter (Fig. 3). Quaternary and recent sediments occupy much
of the relatively low lying ground but there is nearly continuous
exposure of harder units in the ring structure. Regional geology
is Siluro-Devonian Qalibah Group siliciclastics with a consistentSubsurface (Levell et al., 2002;
Allen et al., 2014)
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Fig. 2. Chronostratigraphy of selected basins in Saudi Arabia showing the strati-
graphic context of the structures described in this paper. Other craters (red), with
the exception of Wabar, are from Neville et al. (2014). Age uncertainty ranges
represent the possible ages of each structure as constrained by underlying
stratigraphy and any overlying strata.
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topographic ring is comprised of Silurian Sharawra Formation
capped by Devonian Tawil Formation (Fig. 2). These formations
are bound by inward-dipping normal faults with throw of up to
100 m (Figs. 4 and 5). Within of the ring fault system, theSharawra and Tawil Formations are folded into a gentle ring syn-
cline with minor concentric, spiral and low angle faults (Figs. 4
and 5; Janjou et al., 1997). Faults with spiral trend in plan-view
can occur in ring structures that involve centripetal movement of
material, see discussion in Stewart and Allen (2005). Moving from
the synclinal hinge toward the center of the ring, structural dips
increase toward the base of the Sharawra Formation, locally
reaching 45 at the contact with the Qusaiba Formation and always
dipping away from the center of the ring thus deﬁning a dome at
top Qusaiba level. The Qusaiba Formation outcrops in the low-lying
area within the ring. In contrast to the regional sub-horizontal,
structureless character of the Qusaiba Formation, outcrops within
the ring structure are strongly deformed with steeply plunging,
disharmonic folds at a scale of tens to hundreds of meters and dips
commonly over 70. These folds are clearly picked out by thin,
relatively coarse grained beds at outcrop (Fig. 7b) and some of
the larger folds are visible on aerial imagery (Figs. 3 and 4).
Outcrops of Sharawra and Tawil sandstones in the ring structure
are heavily faulted at centimeter to meter scale (Fig. 7c), which is
anomalous given these units elsewhere are generally unstructured
with rare minor faults.
The subsurface structure of Jabal Rayah as seen on the reﬂection
seismic line consists of relatively ﬂat-lying strata from depths of
approximately 500 m to top Neoproterozoic at 1750 m subsurface
(Fig. 5). Reﬂection seismic signal to noise is low within the
Neoproterozoic, but there is a suggestion of large scale
northwesterly-dipping domains that could be interpreted as half-
graben, truncated by the Cambrian Siq Formation. Minor
extensional faults cut the Siq Formation but are not apparent at
top Saq (Ordovician) level. Minor extensional faults are again
present cutting the Sarah Formation in zones broadly coincident
with the ring faults exposed at surface. An integrated interpretation
of the reﬂection seismic and surface geology indicates that these are
relatively low-angle faults facing the center of the ring. The most
important observation in terms of causal mechanism for Jabal
Rayah is that deep marker horizons (Sarah and Qasim Formations)
are essentially continuous and unstructured below the surface ring
structure. Other than the lower reaches of the ring faults, there is no
structure, intrusion or redistribution of material at depths of 500 m
and deeper, in spite of the intense deformation and steep dips
outcropping at surface (Fig. 5). The base of the Qusaiba Formation
appears to be sub-horizontal at a depth of approximately 500 m
below the Jabal Rayah ring. The Qusaiba Formation itself is poorly
imaged due to the shallow depth, however where seismic reﬂectors
can be discerned they appear to be sub-horizontal. So the steep dips
observed in the Qusaiba Formation at outcrop in the center of the
ring ﬂatten out downwards.
Airborne gravity and magnetic data in the wider area around
Jabal Rayah (Fig. 6) show a prominent north–northwest south–
southeast trend, parallel to numerous faults mapped at surface in
this region (Janjou et al., 1997) and broadly aligned with the
Najd fault system exposed in the Arabian Shield (Johnson et al.,
2011). The Jabal Rayah structure itself is not associated with any
discernible anomaly on gravity or magnetic data.
2.3. Jabal Rayah – interpretation
The available evidence enables several causal geological mecha-
nisms for Jabal Rayah to be ruled out. There is no deep-seated
structure such as a caldera in or near the basement, as shown by
continuity of the Siq, Qasim and Sarah Formations (Fig. 5). No
tectonic style, such as strike-slip or inversion process could itself
produce such a round, isolated structure. A strike-slip pop up
structure, for example, would tend to be more rhomboidal than cir-
cular in plan-view and there should be evidence of the master
strike slip structure with appreciable displacement (Mann, 2007)
Fig. 3. Aerial image of Jabal Rayah structure. High resolution imagery available via internet subject to terms of use of the provider.
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between 500 and 1750 m subsurface there is no sign of intrusion
or redistribution of material. Igneous mechanisms might be con-
sidered on the basis of regional occurrence of intrusives in the late
Devonian and late Cretaceous (Neville et al., 2014), and Cenozoic
volcanics (Camp and Roobol, 1992; Bosworth et al., 2005).
However, no igneous material has been recorded at surface in
Jabal Rayah (Janjou et al., 1997). The absence of any surface or sub-
surface trace of igneous material in Jabal Rayah is taken here to
indicate that igneous mechanisms were not involved.
Salt domes create kilometer-scale circular structures (Jackson
and Talbot, 1986). Salt occurs in the Precambrian of Oman and
Iran but the closest known occurrence of such Precambrian salt
is over 1000 km distant from Jabal Rayah. Closer salt occurs in
the Red Sea, but is Miocene in age (Heaton et al., 1995) and
irrelevant here. No evaporites are known from the local Paleozoic
stratigraphy, indeed an exploration well drilled to the
Precambrian some 120 km east of Jabal Rayah did not encounter
evaporites at any stratigraphic level. The lack of salt in localstratigraphy combined with the seismic image of undeformed
strata below the crater rules out salt tectonics as a mechanism.
Gravity and magnetic data show clear trends that parallel known
basement structure (Johnson et al., 2011) and may relate to tec-
tonic structure at Neoproterozoic or deeper level, but the lack of
any gravity or magnetic anomaly at Jabal Rayah itself again sup-
ports a view that there is no kilometer-scale intrusion.
An alternative mechanism of subsurface material redistribution
that could give rise to domal or intrusive structures, without
necessarily producing a gravity or magnetic anomaly, is movement
of overpressured sediment (Huuse et al., 2010). This process has
been called upon to explain kilometer-scale crater and peak struc-
tures in the Siluro-Devonian Murzuq Basin of Libya (Moreau et al.,
2012). Indeed the Murzuq Basin structures of are of similar age and
lithologies to the Qalibah Group strata involved in Jabal Rayah,
albeit some 2000 km distant along the north margin of
Gondwana (Guiraud et al., 2005). The seismic image of ﬂat-lying
strata at depths greater than 500 m below Jabal Rayah demon-
strate that strata of the Sarah Formation and deeper were not
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Fig. 4. Geological map of Jabal Rayah with modiﬁcations after Janjou et al. (1997). Subcrop to Quaternary is interpolated from mapped contacts. Reﬂection seismic line is
Fig. 5.
S.A. Stewart / Journal of Asian Earth Sciences 106 (2015) 95–118 99involved in any redistribution process (Fig. 5). The strong folding
observed in the Qusaiba Formation at outcrop is presumably bal-
anced by subsurface thinning and extension below the synclinal
hinge (Fig. 5), a strain distribution compatible with ﬂow of strata(Li et al., 2012). It is unclear how overpressure within the
Qusaiba could lead to the single occurrence of an intensely devel-
oped structure such as Jabal Rayah. Overpressure tends to be a
relatively widespread phenomenon and any pressure release
Fig. 5. 2D reﬂection seismic line through Jabal Rayah structure, Fig. 4 for location. (a) Uninterpreted seismic, vertical scale in depth, land surface from a 30 m grid resolution
digital elevation model (Aster). (b) Integrated interpretation of seismic and outcrop geology. Green dots are interpretation ties to an exploration well drilled some distance
from this line, tied by intersecting 2D seismic lines. Yellow lines are interpreted faults. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 6. (a) Airborne Bouguer gravity, greater Jabal Rayah area. Location of Jabal Rayah ring structure (Fig. 4) highlighted. (b) Airborne magnetic signature reduced to pole,
same area as (a). From proprietary aircraft surveys.
Fig. 7. (a) Jebel Rayah view from southwest. Cliff-forming unit on hilltops is the Nayyal Member of the Sharawra Formation. Field of view approximately 5 km, highest hills
approximately 250 m above the plain. (b) Steeply plunging folds in thinly-bedded Qusaiba Formation in the center of the ring structure. (c) Minor faults are prevalent in the
coarse units of the Sharawra and Tawil Formations.
S.A. Stewart / Journal of Asian Earth Sciences 106 (2015) 95–118 101mechanism might be expected to occur over a wide area, perhaps
with a self-organized pattern driven by drainage cell dimensions,
as seen at smaller scale in ﬂuid escape pockmark ﬁelds (Moss
et al., 2012). While it is clear from the cross section that centripetal
movement of Qusaiba Formation material occurred in Jabal Rayah,
the above discussion is taken to suggest that the trigger mecha-
nism for this movement was unrelated to ﬂuid overpressure.
Another mechanism that can produce isolated, kilometer-scale
circular structures is meteorite impact cratering (Grieve, 1997).
Deﬁnitive proof of impact cratering requires evidence of very highpressure metamorphic effects or geochemical anomalies that are
uniquely generated in these events (French and Koeberl, 2010),
none have been discovered so far at Jabal Rayah. These effects
can be surprisingly difﬁcult to ﬁnd in kilometer-scale impact
craters in sedimentary rocks (e.g. Buchner and Kenkmann, 2008;
Salameh et al., 2014). Furthermore if an impact structure has been
exhumed, the structural levels exposed to the highest impact pres-
sures may be eroded. Aside from the challenges in conﬁrming
impact origin based on occurrences of high-pressure effects, the
larger-scale structure can be considered in this context and all
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appear to be compatible with impact origin. With this in mind a
pre-erosion reconstruction of Jabal Rayah in an impact crater
model is generated here (Fig. 8).
2.4. Jabal Rayah – reconstruction
The general structure of impact craters is fairly well-known and
syntheses are available of major crater elements and associated
minor structures (e.g. Kenkmann et al., 2014; Reimold and
Koeberl, 2014); a generic impact crater of 8 km diameter is shown
in Fig. 8a. Fig. 8b shows a ﬁt of this generic impact crater cross-sec-
tion to the Jabal Rayah structure. The section was redrawn from
Fig. 5 to intersect the full width of Jabal Rayah, i.e. a new section
was made 1.75 km west–southwest and parallel to the line shown
in Fig. 5. The depth of erosion depicted relative to the time of
impact (2.5 km) is an approximate number driven primarily by
the strain state observed at outcrop in the center of Jabal Rayah,
i.e. intense folding but with no grain-scale high pressure deforma-
tion effects present (as far as currently known). Setting a generic
impact crater on a notional land surface 2.5 km above the present
day surface explains the lack of grain-scale shock metamorphic
features. The general position and form of the major structures
(ring faults, central uplift) in the generic crater model match the
position, vergence and scale of structures observed at outcrop.
Nothing is proved by this straightforward ﬁt but it illustrates the
plausibility of an impact interpretation and offers a reconciliation
of impact mechanism with the lack of grain-scale shock metamor-
phic features, namely these could have been removed by erosion.
Apatite ﬁssion track studies suggest that a combination of large-
scale regional tilt plus rift ﬂank uplift along the Red Sea margin
have led to total uplift in the range of 2.5–4 km in the west of
Saudi Arabia (Bohannon et al., 1989). Given the present-day topo-
graphy in the Jabal Rayah area of approximately 1 km, this amount
of uplift is in line with the 2.5 km of erosion implied in Fig. 8b.
Although the upper part of Fig. 8b is conjectural, the ﬁrst kilo-
meter of missing section above the present day land surface can
be inferred by projecting regional markers, and local dips from
the ring structure, into the line of section. In addition, the top
Qusaiba geometry in the central high is guided by a volume bal-
ance calculation, based on an assumption of mass movement of
Qusaiba Formation from the thinned zone below the ring syncline
into a thicker zone, termed here ‘‘central uplift’’, in the center of
the structure (as opposed to moving outwards or experiencing vol-
ume loss). This volume balance was made by ﬁtting a circular seg-
ment to the post-Qusaiba section that is below its regional
elevation in the syncline (Area A in Fig. 8b, 0.112 km2). The volume
of thinned Qusaiba is estimated using a solid of revolution of this
segment about the center of the ring structure (1.570 km3). This
volume was used in combination with a circular area ﬁtted to
the Qusaiba Formation outcropping within the ring (7.865 km2)
to yield the height of a cone (600 m) and spherical cap (390 m),
which are simplistic alternative models of the central uplift prior
to erosion. An intermediate central uplift height (525 m) was used
in construction of the section. Dip angles can also be extracted
from these geometric models, giving a predicted dip range of
21–28 at top Qusaiba level at outcrop within the ring. Outcrop
dip measurements were generally somewhat higher than this,
due perhaps to the relatively short length-scale folding evident
within the Qusaiba Formation (Janjou et al., 1997).
From the range of mechanisms considered for the origin of Jabal
Rayah, the available evidence appears to favor an impact inter-
pretation, although this remains unproven due to current lack of
deﬁnitive high pressure metamorphic effects. Such proof may
never become available if the depth of erosion is as depicted in
Fig. 8b.3. Ash Shutbah
3.1. Ash Shutbah – location, data and previous work
Ash Shutbah (213700800N, 453902100E) is a 2.3 km diameter cir-
cular structure outcropping at Khashm al Mukassar on the Tuwaiq
Escarpment, some 360 km south–southwest of Riyadh. The struc-
ture occurs in subhorizontal limestones of the Middle Jurassic
Tuwaiq Mountain Formation at an elevation of approximately
970 m and a location within a kilometer of the Tuwaiq
Escarpment which drops over 200 m westwards, exposing a cross
section of the Tuwaiq Mountain and underlying Dhruma and
Marrat Formations (Fig. 9).
The earliest known geological identiﬁcation of this structure
was by Lavesloo Dubey in, or shortly before, 1968 (reported as a
‘‘meteorite crater’’ by Dubey in an unpublished memorandum by
S.D. Bowers, 30–October–1968, Saudi Aramco Exploration Vault
File 102.31). In 1975 the structure was revisited by a party led
by Walter Dell’Oro, who preferred a dissolution explanation (W.
Dell’Oro, 1975, unpublished memorandum, Saudi Aramco).
Interpretations of the structure continued to vacillate with subse-
quent visits. It was again interpreted as a meteorite impact by
Dixon et al. (1981 – mentioned but unreferenced in Vaslet et al.,
1985). Vaslet et al. (1985) themselves described the structure as
an overall gentle basin with dips of 5–10 toward the center, and
interpreted it as a dissolution sinkhole. Vaslet et al. (1985) also
noted the presence of fractured quartz grains in ferruginous sands
outcropping in the center of the structure. A remote sensing study
comparing the shape and style of the structure with known impact
structures elsewhere was presented by Schmieder et al. (2009a),
who also named the feature ‘‘Ash Shutbah’’ after a nearby wadi.
The structure was revisited in 2011 by a party that noted a possible
shatter cone and ‘‘strong folding’’ in the central sandstones and it
was interpreted once again as resulting from impact (Gnos et al.,
2014).
High-resolution aerial imagery is now available (Fig. 9). In 1990
Saudi Aramco acquired a 2D reﬂection line, in the course of
regional hydrocarbon exploration, trending from west to east in
segments across the Tuwaiq Escarpment, passing 1.2 km from
the center of the structure and approximately 100 m from its outer
margin (Figs. 9 and 10). Gravity and magnetic data are also avail-
able (Fig. 11).3.2. Ash Shutbah – description
Ash Shutbah has slight topographic expression consisting
largely of cuestas with local elevations ranging up to tens of meters
associated with the outcrop of individual beds. Regional structure
in the Tuwaiq Mountain Formation is approximately 1 easterly
dip. The Ash Shutbah structure is deﬁned by a zone of distinctly
steeper dips arranged in two structural domains. The outer
domain, approximately 600 m wide, consists of concentric folds
with subhorizontal hinge lines, cut by occasional minor faults
(Fig. 9b). The inner zone consists of discordant folds at a scale of
several hundreds of meters, with relatively steep limb dips and
hinge plunges. At the very center is a mass of sandstone outcrop-
ping in an ovoid area some 200–250 m in diameter. This central
outcrop is lithologically anomalous in relation to the folded car-
bonates of the Ash Shutbah structure and subhorizontal strata in
the Tuwaiq Escarpment vicinity. The carbonates within the Ash
Shutbah structure were recognized by Vaslet et al. (1985) as an
outlier of Upper Jurassic Hanifa Formation, which stratigraphically
overlies the Tuwaiq Mountain Formation and outcrops extensively
just to the east of the structure (Fig. 10). The stratigraphic afﬁnity
of the centrally-exposed sandstone was not identiﬁed by Vaslet
Fig. 9. (a) Ash Shutbah structure. (b) Interpretation of (a). Red lines – Faults. Dashed black lines – Bedding trend. Light gray outer ring – mainly concentric bedding and fold
trends. Darker gray inner circle – discordant bedding and fold trends. Reﬂection seismic line is part of the data shown in Fig. 10. (c) Generic model of the ﬂoor of a complex
impact crater, after Fig. 1 of Kenkmann (2002), scaled to match the Ash Shutbah structure. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 10. 2D reﬂection seismic line passing within approximately 50 m of the outer limit of deformation associated with the Ash Shutbah structure, location on Fig. 9b. Data
gap corresponds to the Tuwaiq escarpment which is insurmountable by seismic crews at this location. Subsurface interpretation is controlled by a nearby well (32 km) that
penetrated to Neoproterozoic level, and regional seismic grid that ties numerous wells to the east. Surface geology tied to outcrop mapping of Vaslet et al. (1985).
Fig. 11. (a) Airborne Bouguer gravity, greater Ash Shutbah area. Location of Ash Shutbah structure (Fig. 9) highlighted. (b) Airborne magnetic signature reduced to pole, same
area as (a).
S.A. Stewart / Journal of Asian Earth Sciences 106 (2015) 95–118 105et al. (1985), although their cross-section depicts it as conformably
overlying Hanifa Formation strata (Fig. 12 in Vaslet et al., 1985).
Gnos et al. (2014) reinterpret these sandstones as an uplifted inlier
of Dhruma Formation.
Reﬂection seismic close to the Ash Shutbah structure shows
approximately 1250 m of Mesozoic and Paleozoic strata overlying
undifferentiated basement rock (Fig. 10). No major structures arevisible and the strata display a consistent component of easterly
dip. There is a hint of a bowl-shaped feature in the vicinity of
Ash Shutbah (Fig. 10) but it is poorly imaged and could be a sedi-
mentary channel developed during deposition of the Minjur
Formation ﬂuvio-deltaic sediments (Issautier et al., 2012).
Airborne gravity and magnetic data in the wider area around Ash
Shutbah (Fig. 11) show a general northwest southeast trend,
Fig. 12. Subcircular collapse features in the Hanifa Formation 100 km northeast of Ash Shutbah, associated with carbonate dissolution, originally described by Manivit et al.
(1985). (a) Centered on 221905200N, 461402600E. (b) Centered on 221901300N, 461401900E.
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some 50 km west (Johnson et al., 2011). A slight gravity anomaly
trends through Ash Shutbah (Fig. 11), but it does not conform to
the circular shape of outcrop. There is no magnetic anomaly associ-
ated with Ash Shutbah itself but there is a pronounced positive
anomaly to the west, which, in the absence of any visible structure
on reﬂection seismic west of Ash Shutbah (Fig. 10), is presumably
associated with basement structure (Ar Rika fault zone and/or
Haml batholith) (Johnson et al., 2011).3.3. Ash Shutbah – interpretation
In the absence of reﬂection seismic passing through the struc-
ture itself, there is less constraint on the interpretation of Ash
Shutbah in comparison with Jabal Rayah. There are no outcrops
of igneous material in the structure, and in combination with the
lack of gravity or magnetic anomaly, igneous processes are
discounted. Evaporite dissolution is common at shallower strati-
graphic levels regionally east of Ash Shutbah (Amin and Bankher,
1997; Bamousa et al., 2014), however there are no evaporites in
the local stratigraphy, as demonstrated by a local well, 32 km dis-
tant, that was drilled to basement. Reﬂection seismic data locally
show no evidence of salt either in terms of salt tectonics or
dissolution (Fig. 10), therefore salt movement and/or evaporite dis-
solution is ruled out as a trigger or driving mechanism for the
development of Ash Shutbah. Dissolution of Mesozoic carbonates
is documented in the Tuwaiq Mountain and Hanifa formations
(Vaslet et al., 1983; Manivit et al., 1985). The Tuwaiq Mountain
sinkholes are minor structures, at a scale of tens of meters
(Vaslet et al., 1983). Manivit et al. (1985) identiﬁed ﬁve ‘‘sinkholes’’
in the Hanifa Formation approximately 100 km northeast of Ash
Shutbah (Fig. 12). These structures are 200–400 m size in plan-
view, and are aligned along a north–northeast trend over a dis-
tance of 26 km. The structures individually have north–northeast
elongation and trend of internal structural elements (Fig. 12).
Internal structure of these collapses as observed on aerial imagery
is a simple elongate bowl with consistent inward-directed dips.
There are local minor faults and tighter, slightly discordant folds
(Fig. 12b). Overall these structures are consistent with theidealized geometry of small sag basins formed above cave collapses
in near-surface karst systems (Loucks, 1999, 2007). Manivit et al.
(1985) note that the sags ‘‘commonly contain dark-colored depos-
its of oblique- or cross-bedded quartz sandstone’’, a similar
description to the dark sandstone outcropping at the center of
Ash Shutbah, but these sands are not obvious on aerial imagery
of the small sag basins so these must be minor, localized outcrops
(Fig. 12). The existence of a number of circular structures of car-
bonate-dissolution origin in the wider Ash Shutbah area, together
with the general similarity of Ash Shutbah to those structures,
led Vaslet et al. (1985) to conclude that Ash Shutbah is also a dis-
solution collapse structure, albeit an order of magnitude larger and
signiﬁcantly more complex than the other dissolution sags. Gnos
et al. (2014) made some key new observations. First, they corre-
lated the sands outcropping in the center of Ash Shutbah with
stratigraphically deeper, Dhruma Formation siliciclastics that out-
crop to the west in the Tuwaiq Escarpment thus concluding that
the center of Ash Shutbah is an uplift rather than a subsidence.
Secondly they identiﬁed a possible shatter cone within the central
sandstones. Integrating these observations with the overall struc-
ture, Gnos et al. (2014) concluded that meteorite impact was the
cause of Ash Shutbah.
From the available evidence it is not straightforward to arrive
at a deﬁnitive conclusion on the causal mechanism of the Ash
Shutbah structure. The presence of a number of sag structures
in the vicinity that are evidently caused by dissolution provides
circumstantial support to a dissolution interpretation of Ash
Shutbah. If new observations reported by Gnos et al. (2014) prove
to be robust then an eroded impact crater interpretation would be
preferred. The reﬂection seismic data and detailed aerial imagery
interpreted in this study indicate that ﬁrstly, there is no evidence
for near-surface karst in a line of section immediately adjacent to
Ash Shutbah (Fig. 10) and that in spite of the presence of
dissolution sags in the Hanifa Formation locally, Ash Shutbah is
a singular structure in terms of its size (nearly ten times larger
than the dissolution sags) and complexity. On this basis, and tak-
ing the observations of Gnos et al. (2014) into account, the more
likely interpretation of Ash Shutbah is that of a moderately
eroded impact crater, however this is not deﬁnitively proven at
this time.
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4.1. Northeast Saudi Arabia Cenozoic – location, data and previous
work
4.1.1. Northeast Saudi Arabia Cenozoic – location, data and previous
work – overview
Cenozoic strata outcrop extensively in northeast Saudi Arabia
(Figs. 1 and 13) and contain a variety of circular structures at
surface and in the shallow subsurface. Aerial imagery shows the
surface features in some detail (e.g. Fig. 14) and a considerable
amount of reﬂection seismic and well data exists in this region.
Published work describes the geomorphology and aquifer
hydrodynamics in this area, highlighting the karstic nature of the
carbonate and evaporitic formations (Mukhopadhyay et al., 1996;
Amin and Bankher, 1997; Khalaf, 2011; Youssef et al., 2012).Nassab
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Fig. 13. Surface geology map, northeast Saudi Arabia (location marked in Fig. 1). Three pr
does not usually outcrop because it is evaporitic and dissolved. Neogene stratigraphy isThree distinct provinces of kilometer-scale circular structures are
identiﬁed and discussed separately here (Fig. 13).
4.1.2. Northeast Saudi Arabia Cenozoic – location, data and previous
work – Nassab
A number of kilometer-scale subcircular structures outcrop
north and east of Nassab town. An example structure is at
285901500N, 444501500E (Figs. 13 and 14). Outcrop in the Nassab
area is Paleocene Umm Er Radhuma Formation overlain locally
by a thin veneer (tens of meters) of undifferentiated Neogene
strata (Fig. 13). The Umm Er Radhuma Formation is known
regionally for dissolution sinkholes (Amin and Bankher, 1997),
but there are no detailed published references to the structures
around Nassab. There are widely-spaced 2D seismic reﬂection lines
in this area including one that passes directly over the structure
imaged in Fig. 14 (Fig. 15). The reﬂection seismic shown inAs Su’ayerah
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Fig. 14. Domal structures north of Nassab, Umm Er Radhuma Formation. Location of reﬂection seismic line (Fig. 15) shown.
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depth relationship from checkshots in an offset deep well (depth in
feet = 0.0006 TWT2 + 6 TWT + 345).
Due to data acquisition geometry, the shallowest levels of
imaging in onshore seismic reﬂection data are often relatively
low quality and in this case the near surface structure immediately
underlying outcrop is virtually indiscernible. Seismic imaging
becomes continuous at a depth of approximately 250 m, although
in terms of interpretation is still susceptible to uncertainties in
shallow seismic velocity structure. Nonetheless, the seismic data
illustrate the geometry of reﬂectors that underlie surface struc-
tures which is helpful in diagnosing the causal mechanism of the
surface structures.4.1.3. Northeast Saudi Arabia Cenozoic – location, data and previous
work – As Su’ayerah
Another set of subcircular structures outcrop around the town
of As Su’ayerah. These structures are in the hundreds of metersto kilometer size range. Well control shows that Paleogene strata
are at depths of at least 300 m in this area; overlying Neogene for-
mations are generally undifferentiated at outcrop. Youssef et al.
(2012) present detailed electrical resistivity proﬁling across one
of these structures; the structure they studied is shown in
Fig. 16b. Gregory et al. (2003) made a comparison of the structures
in this area with subsurface structures imaged on 3D seismic data
(described below) 300 km to the south. 3D seismic reﬂection data
is available over parts of the As Su’ayerah vicinity, allowing the
deep subsurface structure to be examined immediately
underneath some of the surface features (Fig. 17). The seismic data
shown in Fig. 17 was depth stretched using the same function as
used for the seismic shown in Fig. 15.4.1.4. Northeast Saudi Arabia Cenozoic – location, data and previous
work – Abqaiq
The third area of structures is in the southeast part of the region
shown in Fig. 13. These structures are entirely subsurface and are
Fig. 15. 2D reﬂection seismic line crossing the structure shown in Fig. 14. Interpretation is tied to a well 178 km east. Aruma Fm to Wasia Fm boundary is an angular
unconformity. Only thick, prominent formations are shown, thinner formations are undifferentiated. Rus and Dammam Formations are thin and subject to near-surface
dissolution of Rus evaporites, they are not shown in the projection of eroded strata because the original depositional thickness of the Rus Formation in this area is unknown.
Neogene and Quaternary are very thin.
Fig. 16. (a) Umm Er Raduma Formation, 58 km east–southeast of Fig. 14. Tilted bedding shows internal structure of domes exposed in the general area (e.g. Fig. 14).
Crosshairs at 285201900N, 452002000E. (b) Example of sag basin in Hadrukh Formation (Youssef et al., 2012), 327 km southeast of Fig. 14. Crosshairs at 275501600N, 475201600E.
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Fig. 17. 3D reﬂection seismic line crossing circular features exposed at surface in As Su’ayerah area. Localized depressions are imaged at base and within the Umm Er
Radhuma Formation, but are much smaller in scale than the circular features exposed at surface. Interpretation is tied to wells within the 3D seismic survey. Image in (b) is
aerial image of circular feature positioned and scaled at the surface intersection with the reﬂection seismic line.
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2003; Fig. 18). All of the Abqaiq structures are elliptical in plan-
view, some nearly perfectly so (Fig. 18). This set of features is
included here because of the comparison made by Gregory et al.
(2003) with the As Su’ayerah area outcropping structures, and to
assess the possibility that these sets of structures might be related.
The circular structures originally noted on the Abqaiq 3D survey
(Gregory et al., 2003) can be mapped over adjacent 3D surveys
and are more widespread than described in the ﬁrst reports.4.2. Northeast Saudi Arabia Cenozoic – description
4.2.1. Northeast Saudi Arabia Cenozoic – description – Nassab
The Nassab area structures are oval, slightly irregular structures
(e.g. Fig. 14) ranging in diameter from approximately 500 m to over
6 km. There are around 30 of these structures in the area shown in
Fig. 13. Their spatial distribution is irregular, with some structures
isolated and others clustered. One example centered 291101000N,
442702000E shows several relatively small ovoids nested within a
larger structure. Detailed aerial imagery shows that bedding in
these structures consistently dips outwards so they are all domes
at the present-day stratigraphic level of exposure (Fig. 14).
Reﬂection seismic through this area (Fig. 15) is fair to poor quality
at the very shallow levels relevant to these surface structures but
the data is sufﬁcient to demonstrate that the features are
stratabound within the Umm Er Radhuma Formation, unrelated
to deeper structure. A cross-section through one of these structurescan be observed where a domal structure is exposed in an escarp-
ment (Fig. 16a).
4.2.2. Northeast Saudi Arabia Cenozoic – description – As Su’ayerah
The As Su’ayerah area structures are generally smaller than
those at Nassab: none are larger than 3 km in diameter.
Otherwise, they too have irregular spatial distribution and approxi-
mately 35 can be counted. In contrast to the Nassab area struc-
tures, bedding in the As Su’ayerah structures consistently dips
inwards so the structures are basins, rather crater-like in appear-
ance (Fig. 16b). Reﬂection seismic data (Fig. 17) shows relatively
ﬂat-lying Cenozoic strata with scattered depressions at various
structural levels within the Umm Er Radhuma Formation. These
subsurface depressions, which are occasionally localized below
surface circular features, are much smaller in diameter than the
surface features – in the tens to hundreds of meters range.
4.2.3. Northeast Saudi Arabia Cenozoic – description – Abqaiq
Subsurface elliptical structures in the Abqaiq area are imaged
on 3D reﬂection seismic in the Umm Er Radhuma Formation at
depths of approximately 600 m (Figs. 18 and 19). There is no
surface expression of these features (Gregory et al., 2003); the
underlying oilﬁeld megastructures themselves produce only subtle
surface expression (Saner et al., 2005). The features are several
kilometers in diameter and display a more regular distribution
than the features in the Nassab and As Su’ayerah provinces.
Unlike the depressions imaged in the As Su’ayerah area the
Fig. 18. Seismic horizon slices from 3D surveys in the Abqaiq area, north to the right. The seismic cubes are sliced on surfaces within the Umm Er Radhuma Formation, 85 ms
above and parallel to the top Aruma Formation. Inset shows interpreted position, shape and orientation of the elliptical structures.
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to a speciﬁc stratigraphic level. Reﬂection seismic proﬁles indicate
that these structures are depressions at this stratigraphic level,
however there are also mounded structures toward the top of
the Umm Er Radhuma Formation (Fig. 19). These mounds appear
to have a spatial relationship with the underlying ellipses (Fig. 19).4.2.4. Northeast Saudi Arabia Cenozoic – description – summary
The geometrical characteristics of these three populations of
structures are compared by collating the dimensions and
orientation of each structure in plan-view (Fig. 20). Virtually all
the structures show some degree of elongation – the nearly per-
fectly circular example from the As Su’ayerah area in Fig. 16b is
exceptional. The As Su’ayerah and Abqaiq populations show no
overlap in size range. Although the Nassab structures overlap both
of the other groups in terms of size range, the Nassab structures are
geometrically distinct because they are domes whereas the other
two sets of structures are basins. In terms of orientation, the
Nassab structures have slight preferential northwest – southeast
elongation, the As Su’ayerah structures display a variety of elonga-
tion directions and the Abqaiq structures are strongly oriented
east–west. The geometrical distinctiveness of each population
suggests different causal mechanisms.4.3. Northeast Saudi Arabia Cenozoic – interpretation
4.3.1. Northeast Saudi Arabia Cenozoic – interpretation – overview
Rather than selecting and defending a single interpretation of a
given circular geological structure or set of them, a methodical
approach ruling out alternatives can be considered more robust.Frameworks of geological circular structure causal mechanisms
and geometries are laid out in Stewart (1999) and Neville et al.
(2014). Some mechanisms can be ruled out simultaneously for all
three areas. Meteorite impact tends to produce single, isolated
structures. Fields of kilometer-scale craters usually turn out to be
non-impact in origin (e.g. Gorter and Glikson, 2002; Paillou et al.,
2006; Orti et al., 2008). Glacial features such as kettle holes can
be ruled out because plate reconstructions show that the position
of the Arabian plate was far outside the limit of Cenozoic glacia-
tions (Ehlers and Gibbard, 2007). Kilometer-scale ovoid to polygo-
nal structures are also known to result from self-organization of
stratabound diagenetic cells (Davies and Cartwright, 2007) though
to date this process is known to occur only in siliceous sequences.4.3.2. Northeast Saudi Arabia Cenozoic – interpretation – Nassab
In relation to observed geometrical characteristics and geologi-
cal context, options for explaining the Nassab area domes are tec-
tonic interference folds, pillowing due to movement of underlying
material, and bioherms (or drape folds above bioherms).
Interference folding is ruled out by the spatial isolation of this
set of structures (they are unlinked to regional tectonic trends),
shorter structural wavelengths than would be expected in these
thick carbonate sequences (e.g. Ramberg, 1960) and lack of any
visible folding or detachment at depth (Fig. 15). Redistribution of
material, giving rise to pillow structures in overlying strata, is pos-
sible and cannot be ruled out by the seismic imaging available due
to insufﬁcient resolution in the very shallow section (Fig. 15).
Interpretation of the Nassab domes is probably resolved by the
fortuitous exposure of a cross-section through one of the dome
structures (Fig. 16a). The internal structure is observed to be an
Fig. 19. (a) Zigzag 3D reﬂection seismic line selected from the Abqaiq 3D survey, alternate line segments shaded, location in (b). Line is ﬂattened on top Aruma Formation and
passes through eleven elliptical features. (b) Timeslice through Abqaiq 3D survey, 85 ms above top Aruma Formation, see also Fig. 18. (c) Closer view of Umm Er Radhuma
Formation (green shaded interval), location on (b). Level of time slice shown ((b) and Fig. 18), interpreted bioherm within the Umm Er Radhuma Formation. (d) Unﬂattened
seismic cube cropped to one of the elliptical structures, location on (b). Top surface is approximately 50 m shallower than timeslice (b). Details include 100-m diameter
bioherms and a channel-like feature connecting to an adjacent elliptical feature. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
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the dome on to a relatively ﬂat substrate (Fig. 16a). This is a typical
bioherm structure (e.g. Pawellek and Aigner, 2003; Aconcha et al.,
2008; Wood, 2011). On the basis of this outcrop and lack of evi-
dence for any other causal mechanism, the Nassab area structures
are interpreted to be bioherms. The preferential northwest –
southeast elongation of these structures (Fig. 20) may reﬂect
current and wave inﬂuences (e.g. Aconcha et al., 2008).
4.3.3. Northeast Saudi Arabia Cenozoic – interpretation – As Su’ayerah
The As Su’ayerah structures are depressions rather than domes
in surface exposure and subsurface seismic imaging, sodome-forming mechanisms such as interference folding, intrusion
and redistribution, and bioherms can be discarded. Tectonic origin
is unlikely because the plan-view aspect ratio and smoothly
rounded shape of the structures is at odds with the typical geome-
try of pull-apart basins (Aydin and Nur, 1982). Fluid expulsion
(such as pockmarks) or withdrawal processes (such as karstic col-
lapse) could produce the observed structures. With this in mind,
3D reﬂection seismic is examined (Fig. 17). Depressions, which
are circular in plan-view, are evident at several stratigraphic levels
within the Umm Er Radhuma and Aruma Formations (Fig. 17). In
some cases there are seismically-resolvable subsurface depressions
directly below surface elliptical features (Fig. 17).
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pipes can be difﬁcult (e.g. Sun et al., 2013). A diagnostic feature of
ﬂuid expulsion structures is their persistence and geometrical con-
sistency over a considerable vertical interval – several hundreds of
meters to kilometers (Betzler et al., 2011; Løseth et al., 2011). On
the other hand, the depressions imaged on 3D seismic data in
the As Su’ayerah area are restricted within speciﬁc stratigraphic
levels from example to example, and do not extend over a
signiﬁcant vertical extent (though there are chimneys of seismic
disturbance below them which anneal with depth, Fig. 17).
The surface features at As Su’ayerah are larger in diameter than
the subsurface depressions by factors of 5 or 6 (Fig. 17). These
observations, combined with documented presence of karst in
these formations (Amin and Bankher, 1997) point to dissolution
collapse as the root cause of the As Su’ayerah structures. In this
interpretation the surface structures are sags overlying localized
subsurface dissolution of Rus Formation evaporites and/or carbon-
ates in the upper levels of the Umm Er Radhuma Formation. The
scale and geometry of these interpreted collapse structures
matches published examples of paleocave collapse with overlying
sag structures, including the factor of 5 difference in diameter of
subsurface collapse versus overlying sag (Loucks, 1999;
McDonnell et al., 2007).
Most of the As Su’ayerah structures are elliptical rather than
circular, with a variety of elongation directions (Fig. 20). Four
preferred orientation directions can be distinguished but the
amount of data is marginal (n = 35) for this number of subsets to
be conﬁdently discerned. Nonetheless, the dominantly elliptical
nature of these supposed dissolution collapses requires an expla-
nation. It is suggested here that preferential dissolution along joint
systems, which has been noted in relation to Umm Er Radhuma
karst (Amin and Bankher, 1997) and is typical in dissolution cave
networks (Klimchouk, 2007), could lead to elongation of cave sys-
tems whose collapse would produce elliptical rather than circular
sags in overlying strata.4.3.4. Northeast Saudi Arabia Cenozoic – interpretation – Abqaiq
The Abqaiq area structures (Fig. 18) were interpreted as dis-
solution collapses byGregory et al. (2003). The structures are indeed
depressions rather than domes at the level where the features are
most clearly imaged on seismic data, though there appears to be a
spatial relationship between these depressions and overlying
mounds (Fig. 19). The geometrical character of these structures
has several differences with the structures interpreted as dis-
solution collapse at As Su’ayerah. The Abqaiq structures appear to
be conﬁned to a single stratigraphic interval whereas the As
Su’ayerah structures evidently occur at several stratigraphic levels
within the Umm Er Radhuma and adjacent formations (Fig. 17).
The smallest Abqaiq structure is larger than the largest As
Su’ayerah structure (Fig. 20), and there is a consistent east–west
alignment of the Abqaiq structures whereas those at As Su’ayerah
have assorted directions of elongation. The Abqaiq structures are
also notable for their almost perfectly elliptical shapes. Within the
limit of seismic resolution, none are visibly polygonal or irregular
(Fig. 18). They are very unlikely to be geophysical artifacts because
they are visible on at least three separately acquired and processed
3D surveys (Fig. 18) and in cross section view the structures – at
least from a subjective viewpoint – appear to be coherent and geo-
logical (Fig. 19). The Abqaiq structures are superﬁcially similar in
appearance to ‘‘winged’’ sedimentary intrusions where redis-
tribution of strata from deeper stratigraphic levels creates sills with
peripheral dykes feeding still shallower intrusions (Cartwright et al.,
2008; Polteau et al., 2008). They also have similarities to large-scale
diagenetic cell structures (Davies and Cartwright, 2007).
Flattened reﬂection seismic volumes (in this case, post Umm Er
Radhuma deformation restored by vertical shear) show that the
uppermost parts of the Umm Er Raduma Formation, just visible in
the top of the seismic section, are mounded (Fig. 19). The mounds
are broadly coincident with the underlying elliptical features. The
mounds occur at approximately the same stratigraphic level as
the outcropping domes around Nassab. The seismic data show
continuous reﬂectors in the upper part of the Umm Er Radhuma
Formation (Fig. 19c). Given a contrasting internal structure of
bioherms compared to adjacent strata, it would be surprising if
seismic reﬂectors passed through bioherms with no change in seis-
mic character. However, the upper parts of the imaged mounds
with parallel seismic facies could be drape folds over bioherms
within the Umm Er Radhuma where the seismic character is less
continuous (Fig. 19c). A detailed 3D seismic view of a single
elliptical structure reveals small-scale (100-m diameter) mounds
around the periphery of the elliptical reﬂectors (Fig. 19d). There is
also a clearly-imaged channel linking the elliptical structure shown
in Fig. 19d with an adjacent elliptical feature. Observations from
this detailed cube indicates that the elliptical structures were
depressions, possibly isolated lagoons, that occasionally linked
together and were colonized by bioherms as sea level rose.
Integrating the observations at Abqaiq leads to a multi-stage
model for the evolution of these structures. An initial process gave
rise to elliptical depressions aligned east west. Following Gregory
et al. (2003), a candidate process is dissolution of a thin relatively
soluble horizon during a lowstand, leading to an area of depres-
sions akin to Florida karst (e.g. Denizman, 2003). Although this suc-
cession has been drilled many times, the wells have deep
objectives and minimum data suites are acquired in the Umm Er
Radhuma, hence the presence of relatively soluble units that may
have led to the elliptical depressions is unconstrained. With rising
relative sea level these depressions became lagoons, developed
channel connections, and were colonized by bioherms. Larger-
scale bioherms preferentially grew on the sites of these lagoons,
perhaps nucleating on the earlier, smaller growths. Continued rise
in sea level led to deeper water facies overstepping the bioherms.
Subsequent differential compaction gave domal drape folds over
Fig. 21. Kidan crater. (a) Aerial view with location of reﬂection seismic line (Fig. 22). (b) View toward the southeast taken from the dunes visible northwest of the crater in (a).
(c) Calciﬁed dune cross sets exposed on outer ﬂank of crater, with minor mineralized fracture (arrowed). (d) Mineralized fracture in ﬂoor of crater.
114 S.A. Stewart / Journal of Asian Earth Sciences 106 (2015) 95–118these features, expressed as mounds on seismic data at top Umm
Er Radhuma Formation (Fig. 19) and domes at outcrop (Nassab
area, Fig. 14).
5. Kidan
5.1. Kidan – location, data and previous work
The eastern Rub’ Al-Khali basin lies partly within a continental
depression known as Uruq al Mutaridah which is some 50 m deep
and deﬁned by a closing contour 100 m above present sea level(Fig. 1; Glennie and Singhvi, 2002). Uruq al Mutaridah is approxi-
mately 170,000 km2 in extent and contains kilometer-scale dunes
separated by sabkhat. These sabkhat resulted from lithiﬁcation of
older dune sands during wet climate periods, most recently
10,000–6000 years before present (McClure, 1988; Barth, 2002),
which provides an age constraint on intra-sabkha structures.
Large dunes have formed in this area in the last 6000 years
(Stokes and Bray, 2005) and inter-dune sabkhat have been subject
to local wind deﬂation. Kidan (220605300N, 532603800E) is a 100 m
diameter, slightly elliptical structure exposed in a sabkha between
recent large-scale dunes that are tens of meters in height (Fig. 21).
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found by E. Scott Goldsborough on 27–November–1967. In the
memorandum recording the ﬁnd, it is described as a crater of
meteorite impact origin (S.D. Bowers, 4–December–1967, Saudi
Aramco Exploration Vault File 108.0). A subsequent visit was made
in 1973 by Walter Dell’Oro and party, who concluded that the fea-
ture was not of impact origin, based on absence of impact material
(W. Dell’Oro, 1973, Saudi Aramco Exploration Vault File 108.0).
This structure is probably the same as that named ‘‘Shaybah’’ in
McHone and Dietz (1988), who cite a personal communication
from B. Murphy (1981) of a structure ‘‘less than 1 km diameter’’
sighted from the air in the vicinity of Shaybah Field. McHone and
Dietz (1988) gave an approximate location at graticule intersection
22N, 53E which is 47.5 km distant from the actual Kidan struc-
ture; no craterform structures are visible on aerial imagery close
to that location (Rajmon, 2010). In this study the Kidan crater
was identiﬁed on aerial imagery from coordinates in the discovery
memorandum (Bowers, 1967) and visited in January 2013 (Fig. 21).
A 3D seismic reﬂection survey was acquired in the area in 2009–
2010, gravity and magnetic data are also available. The reﬂection
seismic shown in Fig. 22 was depth-stretched from time-migrated
data using a time–depth relationship from checkshots in a nearby
deep well (depth in feet = 0.0008 TWT2 + 4.6 TWT + 110).
5.2. Kidan – description
In plan-view the Kidan crater is a slightly polygonal ellipse
with axes measuring 120 and 90 m (Fig. 21a). The crater rim isFig. 22. 3D reﬂection seismic line crossing the Kidan crater structure. (a) Reﬂection s
referenced to the correct position within, and same scale as, the reﬂection seismic.at an elevation of approximately 7 m above the general level
of the surrounding interdune surface (Fig. 21b); the rim is at
the same elevation as outcropping sabkha in the vicinity
(Fig. 21b). The crater is approximately 3 m maximum depth
relative to the rim. Exposed in the outer ﬂanks of the crater
are calciﬁed dune cross sets that are locally fractured
(Fig. 21c). Rare mineral-ﬁlled fractures are visible within the
crater itself (Fig. 21d).
The crater ﬂoor is comprised of gravelly fragments of
calciﬁed dune sands mixed with windblown sand (Fig. 21d).
The fragmented nature of this sabkha material within the crater
contrasts with local sabkha outcrops outside the crater, which
tend to be massive. Apart from the fragmented sabkha within
the crater, no materials remotely resembling impactite were
observed. No magnetic anomaly was detected by handheld
compass, and no metallic objects were identiﬁed by metal
detector in several traverses and circuits of the structure. No
gravity or magnetic anomalies are visible on regional datasets
(not shown).
Available reﬂection seismic data does not have any signal in the
immediate near surface below the crater, imaging becomes
continuous at depths of approximately 300 m (Fig. 22). The Rus
Formation evaporites, which form a regional topseal on the Umm
Er Radhuma Formation aquifer (Bakiewicz et al., 1982), are
approximately 250 m thick in this vicinity (Fig. 22). Small dis-
continuities in seismic reﬂectors within the Rus Formation
immediately below the Kidan crater could be interpreted as a
minor fault at Rus level (Fig. 22).eismic. (b) Seismic interpretation tied to nearby wells. Kidan crater (Fig. 21a) is
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No claim is made here to have conducted a detailed examina-
tion of every sabkha exposed in the Uruq al Mutaridah, but in
the time available for this study no other craterform structure
has been found in the Uruq al Mutaridah sabkhat. The apparent
uniqueness of the Kidan crater demands a mechanism capable of
producing isolated, rare, 100 m scale depressions.
Exposures of sabkha material in the outer ﬂanks of the crater,
together with the crater rim being the same elevation as surround-
ing sabkha outcrops, demonstrate that the Kidan crater structure is
an outlier of sabkha rather than a constructional feature such as a
mud volcano. The now-eroded sabkha material originally
surrounding the crater was presumably removed by wind. It seems
unlikely that erosion has trimmed the sabkha precisely to the cra-
ter margin by chance. Rather, the observation that the crater has
resisted erosion suggests that it was more strongly lithiﬁed than
the adjacent sabkha.
The possible minor fault in the Rus Formation directly below
the Kidan crater (Fig. 22) opens the possibility of ﬂuid escape from
the Umm Er Radhuma aquifer. In this scenario, pressurized ﬂuid
from the Umm Er Radhuma Formation leaks upward along a fault
conduit in the Rus Formation topseal, then propagates through the
Dammam and Neogene Formations to surface – or perhaps the
level of unconsolidated recent sediment – along a pipe (e.g. Gay
et al., 2012). This focused ﬂuid ﬂow scenario could account both
for the depression (caused by dissolution in and around the pipe)
and the resistant nature of the crater (caused by enhanced cemen-
tation of the sabkha sediments where the piped ﬂuids emerge).
Meteorite impact is another option to explain the Kidan crater,
and would account for its uniqueness in the Uruq al Mutaridah
sabkhat, which is perhaps the main weakness of the ﬂuid escape
model. However, the absence of any signiﬁcant evidence for
impactite material – in contrast with the undisputedWabar impact
structure in the center of the Rub’ al Khali (Gnos et al., 2013) –
challenges an impact interpretation for Kidan crater. The sabkha
at the crater structure remains at the regional elevation, so it can-
not be argued that impactites have been eroded. If impact had
occurred into an overlying dune during a dry climate phase then,
following the Wabar analogy, much impactite material should
remain, even though the putative overlying dune has since
migrated to expose the sabkha. An alternative version of the
impact model is that impact occurred during a wet climate phase
when the sabkha was covered by a lake. The sabkha lakes are
believed to have been up to 10 m deep (McClure, 1988); although
this is a rather thin water layer considering the 100 m scale of the
crater, water could have played some role in buffering the effects of
impact (e.g. Dypvik and Jansa, 2003; Davison and Collins, 2007).
Overall the impact option faces combined challenges of small
impactor size, lack of impactite and ellipticity of the crater appear
to render the impact option extremely unlikely. Available evidence
in support of a model to explain the Kidan crater favors ﬂuid
escape via a Rus Formation fault. This model is supported by
reﬂection seismic imaging but it is curious that there are no other
occurrences of this type of structure in the Rub’ al-Khali.6. Conclusions
This study has brought together new data together with some
previously unpublished historical documentation to add to the
understanding of a number of circular geological structures in
Saudi Arabia. At Jabal Rayah, new reﬂection seismic data show
there is no underlying structure and there is no strongly supported
alternative to impact interpretation, which could now be regarded
as probable. Fieldwork has yet to yield any high pressuremetamorphic evidence that would deﬁnitively support impact
interpretation. The degree of exhumation of the structure may
however mean that no impactite material remains at the location.
Ash Shutbah is uniquely large and complex in comparison to
known dissolution structures in the Jurassic carbonates of Saudi
Arabia, but dissolution remains a possible explanation, with impact
being the most likely alternative, possible explanation.
Circular structures around Nassab are domes interpreted as
bioherms, or overlying drape folds. These structures are also inter-
preted in the shallow subsurface on 3D reﬂection seismic data in
the Abqaiq area. The seismic data shows that the bioherms have
a complex early history including an initial localization into
lagoons caused by dissolution collapse. Dissolution in the Umm
Er Radhuma Formation is also responsible for a number of circular
depressions outcropping north of As Su’ayerah.
The Kidan crater is published here for the ﬁrst time and is a
small unfaulted bowl in Quaternary sabkha with no sign of impac-
tite material. Reﬂection seismic images a small fault below the
crater, indicating that the depression may be a ﬂuid escape struc-
ture. Alternatively, it is possible that the crater is an impression
made on a sabkha lake bed by a fragment of an icy impactor.
The reﬂection seismic data available to this study has enabled a
more complete description of most of these structures and in some
cases to deﬁnitively identify causal mechanism such as dissolution
collapse. Reﬂection seismic imaging does not produce what is
regarded as deﬁnitive evidence supporting impact structures in
any case (French and Koeberl, 2010) but it does enable alternative
interpretations to be ruled out, as is the case at Jebel Rayah, leaving
impact interpretation as a more probable solution.
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